Background: Antimicrobial peptides are important components of the host defence with a broad range of functions including direct antimicrobial activity and modulation of inflammation. Lack of cathelin-related antimicrobial peptide (CRAMP) was associated with higher mortality and bacterial burden and impaired neutrophil granulocyte infiltration in a model of pneumococcal meningitis. The present study was designed to characterize the effects of CRAMP deficiency on glial response and phagocytosis after exposure to bacterial stimuli.
Background
The central nervous system (CNS) is protected from penetrating pathogens by the blood-brain barrier (BBB) and by the innate immune system which is responsible for the early control of infections. Microglial cells, being the resident innate immune cells, are involved in pathogen recognition and activation of the innate immune orchestra also including the recruitment of immune cells of the adaptive immune system. They sense microbes and pathogen-derived ligands invading the CNS by pattern recognition receptors such as Toll-like receptors (TLR) and phagocytic receptors [1, 2] . Once activated, microglial cells secret a broad range of pro-inflammatory cytokines stimulating the innate immune response as well as peripheral immune cells. Astrocytes, as the other member of glial cells, mediate neuroinflammation but are also required for structural support and the maintenance of the BBB. Activated astrocytes can exacerbate the inflammatory response and aggravate the tissue damage or can promote immunosuppression and tissue regeneration, depending on the kind of stimuli [3] .
Activation of the CNS's innate immune system leads to secretion of antimicrobial peptides (AMP) which have both anti-infective and immunomodulatory properties [4] . AMP can be divided into different families based upon primary and secondary structural differences, antimicrobial potential and specific effects on host cells. An important family of the AMP are the cathelicidins [5, 6] . In humans, there is only one cathelicidin called LL-37 that functions as a mediator between the innate and adaptive immune response. It is stored in granules of neutrophil granulocytes and thought to have diverse functions such as inducing chemotaxis, neutralizing endotoxin and supporting wound healing [7] . The cathelicidin of mice and rats is called cathelin-related antimicrobial peptide (CRAMP) [8] and rCRAMP [9] , respectively. Own investigations revealed an increase of LL-37 and psoriasin (another AMP) in the cerebrospinal fluid (CSF) of patients suffering from bacterial meningitis [10, 11] . Bacterial infection and exposure of glial cells to bacterial supernatants and bacterial virulence factors induced an increase of rCRAMP and increased the release of pro-as well as anti-inflammatory cytokines [10, [12] [13] [14] . Additionally, CRAMP stimulation enhanced the expression of several neurotrophins including brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF) and nerve growth factor (NGF) thereby possibly exerting neuroprotective effects [15] . Mice lacking CRAMP were more susceptible to pneumococcal infection of the CNS leading to higher bacterial burden both inside the brain (cerebellum) and outside the CNS (blood and spleen) accompanied by decreased neutrophil granulocyte infiltration and higher mortality [16] .
This study was designed to explore the pathophysiology and interrelationship of glial cell function in vitro in CRAMP-knock out (KO) and wildtype (WT) glia. For this purpose, glial cells were exposed to bacterial supernatants from Streptococcus pneumoniae (SP) and Neisseria meningitidis (NM) or bacterial cell wall components such as lipopolysaccharide (LPS) and peptidoglycan (PNG). Glial cell viability, expression of various pro-and anti-inflammatory cyto-and chemokines, phagocytosis rate and glial cell activation were investigated by means of cell viability assays, immunohistochemistry, real-time RT-PCR and Western blot. Furthermore, the regulation of signal transduction pathways, such nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NFκB) or the anti-inflammatory signal transduction pathway heme oxygenase 1 (HO-1) was examined.
Methods

Reagents
Bacterial supernatants were synthesized as described in detail previously [12] . In the present study, bacterial supernatants of N. meningitidis (NM; ATCC 13077) and S. pneumoniae (SP; ATCC 6303) were used, both in a dilution of 1:100. LPS and PGN were obtained from Sigma-Aldrich, Munich, Germany. Mouse CRAMP (ISRLAGLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPE) was purchased from GenicBio Limited (Shanghai, China). The peptide was dissolved in 0.9% NaCl solution as described before [17] .
Cell culture
Isolated cerebral cortices and rostral mesencephali from CRAMP deficient or WT mice (P2 to P3) were stripped of the meninges, minced and dissociated enzymatically with trypsin from bovine pancreas (Sigma-Aldrich, Taufkirchen, Germany) in phosphate-buffered saline and 50 μg/ml DNase I (Roche Molecular Biochemicals, Mannheim, Germany) for 30 min at 37°C and crushed mechanically with Pasteur pipettes. Astrocytes were prepared according to the protocol of McCarthy and DeVellis [18] , which allows the preparation of nearly pure cultures of astrocytes (> 97%) and cultivated in Dulbecco's modified Eagle's medium (DMEM; PAA Laboratories, Pasching, Austria) supplemented with 10% FCS. Suspended microglial cells were plated in 75 cm 2 cell culture flasks (Sarstedt, Nümbrecht, Germany) in microglial cell growth medium and harvested as described previously [19] . The microglial cell growth medium (DMEM) contains 10% FCS (heat inactivating from 44 to 53°C) and antibiotics (penicillin and streptomycin). After about ten days, the cells begin to move away from the cell layer and swim in the supernatant. The cells are collected and then seeded in normal medium (DMEM, 10% FCS heat inactivated at 56°C, penicillin and streptomycin). Prior to replating microglial cells for different assays, cell number and viability were estimated by trypan blue exclusion. This procedure increased the purity of the microglial preparation to >98% with only very few remaining astrocytes.
CellTiter-blue cell viability assay
The CellTiter-Blue (CTB) assay (Promega, Mannheim, Germany) was used to measure the viability of glial cells after bacterial exposure. The cells were seeded in 96-well plates and starved overnight by adding FCS-free medium. The cells were treated with different bacterial supernatants (NM and SP) or components (LPS and PGN) for 24 h. A CellTiter-Blue assay was used according to the manufacturer's recommendations. Spectrophotometric evaluations were performed after 1, 2, and 4 h, respectively and exposed cells were compared with untreated control cells.
LDH-assay
The lactate dehydrogenase (LDH) assay (Cayman, USA) was used to measure the cytotoxicity of glial cells after treatment. The cells were seeded in 96-well plates and starved overnight by adding FCS-free medium. Subsequent, the cells were treated with different bacterial supernatants (NM and SP) or components (LPS and PGN) for 24 h. The LDH cytotoxicity assay was used according to the manufacturer's instructions. Spectrophotometric evaluations were performed after 30 min and exposed cells were compared with untreated cells.
Phagocytosis and intracellular survival assay
The assay was performed according the protocol of Ribes et al. [20] . CRAMP-WT or CRAMP-KO microglial cells were exposed to noncapsulated S. pneumoniae R6 strain (with a ratio of approximately 50 bacteria per phagocyte). Phagocytosis was left to proceed for 30 or 90 min at 37°C and 5% CO 2 . After bacterial exposure, cells were incubated for 1 h in culture medium containing gentamicin to kill the extracellular bacteria (final concentration, 200 μg/ml; Sigma-Aldrich, Munich, Germany). After gentamicin incubation, the cell monolayers were washed and lysed with distilled water for 5 min. The intracellular bacteria were enumerated by quantitative plating of serial dilutions of the lysates on sheep blood agar plates. The detection limit was 10 CFU/well. Each protocol was performed at least three times in independent experiments.
To monitor intracellular survival and replication inside microglial cells, cells were allowed to phagocytose bacteria for 30 min. Thereafter, cells were washed and incubated in culture medium containing gentamicin (200 μg/ml) for 2 h. At various times (30, 60, 90 , and 120 min), the monolayers were washed and lysed with distilled water, and the amounts of intracellular viable bacteria were quantitatively determined.
RNA isolation and real-time RT-PCR
Total RNA was isolated using the peqGold Trifast reagent (Peqlab, Erlangen, Germany) according to the manufacturer's instructions. RNA samples were reverse-transcribed by moloney murine leukemia virus (MMLV) reverse transcriptase (Fermentas, Burlington, Canada) and random hexamer primers (Invitrogen, Darmstadt, Germany). The cDNA products were used immediately for SYBR green (Applied Biosystems, Darmstadt, Germany) real-time RT-PCR. Gene expression was monitored using the StepOne Plus apparatus (Applied Biosystems, Darmstadt, Germany) according to manufacturer's protocol [19] . Relative quantification was performed using the ΔCt method which results in ratios between target genes and a housekeeping reference gene (18 s). All primers were manufactured by Eurofins MWG Operon (Ebersberg, Germany). The primer sequences of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) [16] , IL-1 receptor antagonist (IL-1RA), heme oxygenase 1 (HO-1) [21] , Chemokine (C-C motif) ligand 2 (CCL2), CCL3 [22] and 18 s [23] were published before, whereas the sequences for caspase 3 (Casp3), arginase 1 (Arg-1), phospholipase D1 (PLD1), PLD2, receptor for advanced glycation endproducts (RAGE) and macrophage receptor with collagenous structure (MARCO) are referred in Table 1 . The specificity of the amplification reaction was determined by melting curve analysis.
Fluorescence microscopy
Primary mice astrocytes or microglia were seeded on cover glasses. For intracellular staining, the cells were permeabilized with 0.1% Triton X in PBS for 10 min at room temperature. Slices were incubated at 4°C with the following antibody: NFκB p65 (rabbit monoclonal; #8242, Cell Signaling, USA), HO-1 (goat polyclonal; ab13243, abcam, UK) or anti-pneumococcal IgG (kindly provided by Hammerschmidt et al. [24] ). Finally, the slices were incubated with anti-rabbit Cy3 (AP132C, Millipore, Darmstadt, Germany) or anti-goat Alexa488 (A-11055, Invitrogen, Darmstadt, Germany) for 1 h at room temperature. Nuclear counter-staining was performed with Diamidino-2-phenylindole dihydrochloride DAPI (Sigma 9542, Munich, Germany). Cells were digitally photographed using a Keyence digital microscope (BZ-9000, Neu Isenburg, Germany). To evaluate the increase of fluorescence, the relative fluorescence intensity from the ratio of the corresponding fluorescence intensity of the glial cells compared to the untreated controls was calculated. For the negative controls, the primary antibodies were omitted. The analysis of fluorescence intensity was quantified using ImageJ. The area, integrated density and mean grey value were determined. To calculate the corrected total cell fluorescence (CTCF) the following formula was used: CTCF: Integrated density-area of selected cell x mean fluorescence of background readings: The ratio between CTCF (treated cells) and corresponding control was calculated and the values were referred to control (=100%).
Statistical analysis
All real-time RT-PCR experiments were performed in duplicate. The values are expressed as mean ± SEM. For statistical comparison, two-way ANOVA test followed by Bonferroni's multiple comparison test or Student's t-test (analysis of phagocytosis rate) was used. A value of p < 0.05 was considered statistically significant. For statistical calculation, GraphPad Prism 5.0 was used (Graph Pad Software, San Diego, USA).
Results
Increased cell viability after bacterial supernatants exposure in CRAMP-deficient microglial cells
Cell viability and cytotoxicity of primary CRAMP-deficient or WT astrocytes as well as microglial cells was determined after exposure to bacterial supernatants of SP or NM as well as the cell wall components LPS or PGN for 24 h. CRAMP deficiency significantly increased viability of microglial cells after stimulation with all agents and also the un-stimulated control (Fig. 1b) . In contrast, there were no significant differences of cell viability observed in astrocytes (Fig. 1a) . Cytotoxicity -assessed by measurement of LDH -revealed only for the treatment with PGN a significant increase in CRAMP-deficient astrocytes ( Fig. 1c ) whereas exposure to all other agents as well as stimulation of microglia did not lead to significant changes of cytotoxicity (Fig. 1d) . The results reveal an increased metabolic activity of CRAMP-KO microglia and an increased vulnerability of CRAMP-KO astrocytes to PGN. In addition, we performed a double fluorescence staining for Ki67 as proliferation marker and TUNEL for apoptosis (details about this in the Additional file 1). The results did not show a difference between CRAMP-WT and CRAMP-KO glial cells for proliferation. Furthermore, the TUNEL staining showed no appreciable apoptosis after the different treatments in both genotypes (see Additional files 2 and 3). 
Increased pro-inflammatory cytokine expression in CRAMP-deficient glial cells after bacterial supernatants stimulation
To explore the cytokine expression pattern after 6 h and 24 h of stimulation, mRNA expression of TNF-α and IL-6 -as two major mediators of the inflammatory reaction during the innate immune response and in bacterial meningitis -were determined in astrocytes and microglial cells. In astrocytes, exposure to bacterial supernatants and components resulted in a small increase of both cytokines in CRAMP-WT, whereas in CRAMP-KO a strong increase of expression was observed ( Fig. 2a and c) reaching a statistical significant increase of IL-6 after 6 h of supernatants exposure and 15.4-fold increase of TNF-α after 6 h of LPS stimulation. After 24 h of stimulation, also CRAMP-WT astrocytes showed a relevant increase of IL-6 and TNF-α mRNA expression in comparison to 6 h. However, CRAMP-KO astrocytes showed a much stronger increase of IL-6 and TNF-α expression in comparison to WT ( Fig. 2b and d ). For TNF-α, the differences were significant for treatment with SP and LPS (Fig. 2d) . A similar observation was made in microglial cells after 6 h of stimulation with no relevant changes of cytokine expression in CRAMP-WT microglial cells whereas IL-6 and TNF-α mRNA expression was strongly increased in CRAMP-KO ( Fig. 2e and g ) with reaching statistical significance after SP exposure for IL-6 expression and SP, LPS or PGN for TNF-α expression. After 24 h of exposure, IL-6 mRNA expression increased in both CRAMP-WT and CRAMP-KO microglial cells without significant difference (Fig. 2f ) whereas TNF-α, like in astrocytes, was strongly increased with significance after SP treatment (Fig. 2h) . Altogether, the changes of cytokine expression pattern indicate a switch to a pronounced pro-inflammatory state in CRAMPdeficiency glial cells.
Reduced expression of anti-inflammatory mediators and chemokines in CRAMP-deficient glial cells
Additionally to pro-inflammatory cytokine expression, analysis of anti-inflammatory mediators and two antiinflammatory chemokines was carried out 24 h after bacterial stimulation. IL-1RA inhibits the pro-inflammatory response of IL-1β, which is released primarily in response to exogenous agents [25] . While IL-1RA mRNA expression was significantly increased in CRAMP-WT astrocytes by all stimulants, no relevant increase was observed in CRAMP-KO astrocytes (Fig. 3a) . Additionally, the expression of the anti-inflammatory enzyme HO-1 was determined [26] . Similar to the results for IL-1RA, HO-1 expression was induced in CRAMP-WT astrocytes whereas CRAMP-KO astrocytes failed to be relevantly stimulated in HO-1 expression by bacterial stimulation (Fig. 3b) . To extend the anti-inflammatory analysis, two other chemotactic mediators, CCL2 and CCL3, were added. CCL2 recruits monocytes, memory T-cells and dendritic cells to the sites of inflammation [27] and CCL3 is involved in the recruitment and activation of polymorphonuclear leukocytes [28] . Again revealing an impairment of CRAMP-KO astrocytes to release antiinflammatory mediators, CRAMP-WT astrocytes showed a considerable increase in CCL2 and CCL3 expression while no relevant increase was observed in CRAMP-KO reaching statistical significance for CCL2 after NM exposure (Fig. 3c ) and for CCL3 after exposure to NM, LPS and PGN (Fig. 3d) . Next, we carried out the same experiments as above with CRAMP-KO and WT microglial cells to investigate whether the observations in astrocytes were similar or even more pronounced in microglia. As shown in Fig. 4a , SP and PGN induced a strong increase of IL-1RA mRNA expression in CRAMP-WT microglial cells whereas NM and LPS had only minor effects just like all stimulants remained insufficient in inducing IL-1RA in CRAMP-KO microglia (Fig. 4a) . The same tendency was shown for HO-1, where CRAMP-WT microglia responded to stimulation by increasing HO-1 expression and CRAMP-KO microglia only did insufficiently, with statistical significance for SP, LPS and PGN (Fig. 4b) . Analysis of CCL2 and CCL3 expression revealed higher levels in CRAMP-WT microglial cells in comparison to CRAMP-KO. Significant differences were reached for CCL2 expression by PGN stimulation and CCL3 expression by NM exposure ( Fig. 4c and d) . Taken together, the results point out the imbalance between pro-and anti-inflammatory cytokine expressions with the anti-inflammatory side being impaired.
As influenced by their environment, microglial cells assume a diversity of phenotypes and retain the capability to shift functions to maintain tissue homeostasis. Therefore, next to pro-and anti-inflammatory markers, we additionally determined Arg-1 mRNA expression as a marker for alternative activation of microglial cells towards a M2 phenotype [29] . As shown in Fig. 4e , bacterial stimulation induced Arg-1 expression in CRAMP-WT microglia largely than in CRAMP-KO microglial cells (Fig. 4e) . This observation confirms the changed phenotype of CRAMP-KO microglial cells.
Comparison of signal transduction pathway activation between CRAMP-WT and CRAMP-KO glial cells after bacterial exposure
To further characterize the way leading to altered inflammatory responses between CRAMP-KO and WT glia, translocation of the pro-inflammatory transcription factor and important regulator of innate immune response, NFκB p65, was investigated by immunofluorescence detection in the nucleus of CRAMP-KO and WT astrocytes and microglia after exposure to bacterial supernatants and components. Here, the relative fluorescence intensity from the ratio of the corresponding fluorescence intensity of astrocytes or microglial cell was compared to the CRAMP-WT (for details refer to Material & Methods).
Exposure to SP or NM induced only a weak NFκB translocation to the cell nucleus whereas treatment with LPS or PGN resulted in a stronger increase with a maximum after 2 h (Fig. 5a-e) . In contrast, CRAMP-KO astrocytes already showed a robust increase of NFκB translocation 30 min Fig. 2 a-h. Increased pro-inflammatory cytokine expression in CRAMP-deficient astrocytes or microglial cells after bacterial stimulation. Astrocytes or microglial cells from CRAMP-KO or wild-type (WT) mice were incubated with bacterial supernatants of Gram-positive S. pneumoniae (SP) or Gram-negative N. meningitidis (NM) and bacterial cell wall components lipopolysaccharide (LPS) or peptidoglycan (PGN) for either 6 or 24 h. mRNA levels of Interleukin-6 (IL-6) (a, b and e, f) and Tumor necrosis factor-α (TNF-α) (c, d and g, h) were determined by real-time RT-PCR. Data were assessed from five independent experiments in duplicate. Statistical significance is marked as * -p < 0.05 and ** -p < 0.01 (two-way ANOVA test followed by Bonferroni's multiple-comparison test) after LPS and PGN exposure whereas the maximum increase after stimulation with NM and SP was later detected, after 1 and 2 h, respectively.
Already in resting state, CRAMP-KO microglial cells displayed significantly higher levels of NFκB translocation to the cell nucleus in comparison to un-stimulated WT microglia (Fig. 5b) . And already after 30 min, CRAMP-KO microglial cells displayed significantly higher levels of NFκB immunofluorescence in the cell nucleus after exposure to NM, LPS or PGN compared to WT microglia. Maximum levels were reached in CRAMP-KO microglia for NM after 1 h and for SP, LPS and PGN after 2 h (Fig. 5d and f ) revealing an altered resting state and stronger activation of this pathway in CRAMP-KO microglia.
As a try of proof of principle, we additionally analyzed whether exogenous CRAMP application could reduce the pathologically increased NFκB translocation in CRAMP-KO microglial cells. For this purpose, CRAMP-KO and WT microglial cells were exposed to bacterial supernatant of NM with or without different CRAMP concentrations (1, 2 or 10 μM) or CRAMP alone for 30 min up to 2 h. Additional file 4 showed representative results from the immunofluorescence analysis. Whereas CRAMP-WT microglial cells did not respond relevantly to additional CRAMP stimulation, CRAMP-KO microglia displayed a reduction of NFκB translocation after costimulation (Fig. 5b, right) . However, CRAMP stimulation only (2 and 10 μM) induced a strong NFκB translocation to the cell nucleus in CRAMP-KO microglial cells after 30 min. After 1 h of treatment, stimulation with CRAMP alone induced a concentration-dependent increase of NFκB translocation whereas co-stimulation reversed this effect (Fig. 5d, right) . In contrast, no CRAMP-induced increase of NFκB translocation was detected in CRAMP-KO microglial cells after 1 and 2 h of stimulation while co-stimulation resulted in a tendency of decreasing the NM-induced translocation ( Fig. 5d and f, right) . After 2 h of treatment of CRAMP-WT microglial cells, 1 and 10 μM CRAMP induced an increase of NFκB translocation, whereas the co-stimulation with 1 and 10 μM CRAMP reduced NM-induced translocation (Fig. 5f, right) . Taken together, exogenous application of CRAMP to CRAMP-KO glial cells partly reversed the overactivated NFκB translocation, especially in combination with NM.
As a supplement of the above pro-inflammatory analysis, investigations on the activation of the anti-inflammatory HO-1; b) , Chemokine (C-C motif) ligand 2 (CCL2; c) and CCL3 (d) was determined by real-time RT-PCR. Data were assessed from five independent experiments in duplicate. Statistical significance is marked as * -p < 0.05; ** -p < 0.01; *** -p < 0.001** (two-way ANOVA test followed by Bonferroni's multiple-comparison test) enzyme HO-1 were added by means of immunofluorescence detection (for details please refer to Material & Methods). As shown in Fig. 6a and c, stimulation of CRAMP-WT astrocytes for 6 and 24 h induced a strong increase of HO-1 immunofluorescence by all stimulants whereas CRAMP-KO astrocytes failed to respond in a similar way and displayed only slight increases after 6 h. After 24 h, the difference for NM, SP or PGN exposure reached statistical significance in comparison to CRAMP-WT astrocytes ( Fig. 6a and c) . Similar results were obtained after stimulation of CRAMP-KO and WT microglial cells. Already after 6 h but also still after 24 h, CRAMP-KO microglial cells displayed significantly lower levels of HO-1 immunofluorescence density after stimulation with NM, SP and LPS ( Fig. 6b and d) .
Again as proof of principle, we investigated whether exogenous CRAMP application could increase HO-1 immunofluorescence density in CRAMP-KO microglial cells. Cells were exposed to bacterial supernatants from NM with or without different CRAMP concentrations (1, 2 or 10 μM) or CRAMP alone for 6 h. Additional file 5 showed representative results from the immunofluorescence analysis. CRAMP application increased HO-1 immunofluorescence density considerably in CRAMP-WT microglial cells (Fig. 6e) whereas the NM-induced increase of HO-1 immunofluorescence density was weakened by CRAMP application. In CRAMP-KO microglia, exogenous CRAMP failed to increase HO-1 immunofluorescence density whereas interestingly co-stimulation of CRAMP with NM supernatant induced a statistically highly significant increase of HO-1 immunofluorescence density compared to CRAMP-WT microglial cells (Fig. 6e) .
CRAMP-deficiency resulted in a decreased microglial phagocytosis rate of S. pneumoniae
Since the present study proved altered responses of CRAMP-KO microglia to inflammatory stimuli, we extended the investigations and determined the phagocytic potential. Microglial cells were incubated with uncapsulated S. pneumoniae R6 strain for 30, 60, 90 and 120 min, respectively, and the amount of phagocytosed bacteria determined. The phagocytosis rate of pneumococci was compared quantitatively after 30 and 90 min. CRAMP-KO microglial cells showed a significantly lower phagocytic activity compared to WT microglia (Fig. 7a) . After 90 min, no significant differences were detected. Next, we studied the intracellular surviving rate of the ingested bacteria (Fig. 7b) . The absolute amounts of intracellular S. pneumoniae R6 were significantly higher in WT microglial cells than in CRAMP-KO microglia after 30 min of incubation. The further time course of intracellular surviving S. pneumoniae R6 was similar between CRAMP-KO and WT microglia. Additionally, we highlighted intracellular S. pneumoniae R6 bacteria in CRAMP-KO and WT microglial cells using immunofluorescence (Fig. 7c) and quantified the intracellular bacteria after treatment for 30 min or 1 h (Fig. 7d) . After 30 min, there were no significant difference in bacteria per cell between the genotypes, but the phagocytosed bacteria per section were significantly reduced in CRAMP-KO (Fig. 7d, top right) . Exposure of CRAMP-KO microglial cells with bacteria for 1 h resulted in a significantly decreased amount of intracellular bacteria per cell and per section compared to WT microglia.
In addition to the phagocytosis rate, we analysed different markers that are involved in the regulation of phagocytosis. RAGE elicits pro-inflammatory responses in mononuclear phagocytes [30, 31] . Analysis of RAGE mRNA expression revealed no relevant increase in CRAMP-WT microglial cells after treatment with bacterial supernatants or components for 24 h. In contrast, there was a robust increase of RAGE expression in CRAMP-KO microglia, statistically significant after exposure to SP and PGN (Fig. 8a) . Next, we quantified the mRNA expression of MARCO, a receptor being involved e.g. in the defence of pneumococcal infections of the lungs [32, 33] , where an increase was detected in both genotypes with a tendency of lower levels in CRAMP-KO microglia but not reaching statistical significance (Fig. 8b) . At last, mRNA expression of PLD1 and PLD2 was investigated, which are both involved in phagosome maturation and processing [34] . Here, a strong increase of PDL1 was detected in CRAMP-KO microglial cells whereas the increase in WT microglia was much less pronounced (Fig. 8c) . Contrarily, PLD2 expression was significantly higher in CRAMP-WT in comparison to CRAMP-KO microglia (Fig. 8d) . Taken together, there were distinct changes in phagocytosis and expression rate of different markers involved in orchestrating phagocytosis.
Discussion
In the present study, the consequences of CRAMP deficiency for glial cell function were investigated. Own previous investigations revealed that lack of CRAMP led to a higher mortality rate in bacterial meningitis; a phenomenon that was associated with increased bacterial burden and decreased neutrophil granulocyte infiltration of the meninges. CRAMP-deficient mice displayed a higher degree of glial cell activation that was accompanied by a pronounced pro-inflammatory response in a mouse model of pneumococcal meningitis [16] . The present study was designed to deepen the knowledge about the differences of the glial response in vitro after exposure to bacterial stimuli and its consequences on the phagocytosis induced by lack of CRAMP.
AMPs are participating in multiple aspects of immunity and affect various parts of the body. They are involved in septic and non-septic inflammation, wound repair, angiogenesis and regulation of the innate and adaptive immunity homeostasis [4, 35] . AMPs have distinct modulating immune functions and are able to alleviate pro-inflammatory stimuli. Incubation of human cathelicidin LL-37 significantly decreased the release of pro-inflammatory cytokines by human neutrophil granulocytes previously stimulated by LPS or bacterial supernatants [36] . Furthermore, LL-37 inhibited cellular responses to IFN-γ, a key cytokine of Th1-polarized immunity in different immune cells [37] . On the other hand, LL-37 induced glial-mediated neuroinflammation by inducing pro-inflammatory cytokine expression in human microglia [38] . Own work showed that CRAMP stimulation induced both a pro-as well as anti-inflammatory cytokine expression in glia [15] . These works illustrate the impact of CRAMP on rat glia cell function. Less is known about the consequences of CRAMP deficiency on glia cell function. The present results revealed an increase of proinflammatory cytokine expression exemplarily shown for TNF-α and IL-6 in CRAMP-deficient astrocytes and microglial cells in response to bacterial supernatants or bacterial cell wall components. This observation is consistent with work from Alalwani et al. who could show that neutrophil granulocytes from CRAMP-deficient mice released significantly more pro-inflammatory TNF-α after bacterial stimulation [36] . Cytokines such as TNF-α and IL-6 play an important role in bacterial meningitis to initiate and orchestrate the innate immune response in the early phase of the disease [39] . Overexpression of proinflammatory cytokines correlated with a stronger acute or chronic inflammation and increased glial cell density [16, 40] while lack of both cytokines resulted in a temporal and spatial disturbance of innate immune response with higher mortality, decreased glial cell activation and bacterial load after pneumococcal meningitis [41] . In contrast to the increased cytokine expression, CRAMP-deficient glial cells showed a strong decrease of the chemokines CCL2 and CCL3. CCL3 attracts polymorphonuclear leukocytes whereas CCL2 recruits monocytes, memory T-cells, and dendritic cells to the sites of inflammation [27, 28] . This decrease suggests that lack of CRAMP leads to insufficient or at least weakened chemotaxis as shown in form of reduced neutrophil granulocyte meningeal infiltration in a model of pneumococcal meningitis [16] and diminished dendritic cell trafficking into the peribronchiolar areas [42] . Increased CCL2 and CCL3 on the other hand correlated with increased neutrophil granulocyte infiltration into the CNS in infected formyl peptide receptor (FPR)-deficient mice [21] . It was suggested that CRAMP is a ligand for the G-protein coupled FPR2 [43] . Along with the increase in pro-inflammatory cytokine expression, we could show that lack of CRAMP resulted in a decreased expression of anti-inflammatory mediators such as IL-1RA and HO-1. IL-1RA is an acute phase protein which counteract the pro-inflammatory signal of IL-1 [25] . It was suggested as a therapeutic target for autoimmune diseases [44] . Due to its enzymatic activities, HO-1 exhibits anti-oxidative and anti-inflammatory properties at the same time. HO-1 metabolizes heme to billiverdin that is supposed to prevent oxidative stress and produces carbon monoxide that is able to inhibit NFκB [45, 46] . Antiinflammatory effects of HO-1 are believed to be mediated in pulmonary infections by altered recruitment of neutrophil granulocytes from the bone marrow [47] and HO-1 might mediate neuroprotective effects in rodent stroke models [48] . Considering these data, lower levels of IL-1RA and HO-1 due to CRAMP deficiency seem to be unfavorable.
Our results suggest that lack of CRAMP shifts the balance between pro-and anti-inflammatory responses towards a more pro-inflammatory state of glial cells. Upon activation, astrocytes as well-characterized innate immune neuroglia participate in innate immune reactions and are the principal CNS source of innate inflammatory mediators [39] . Furthermore, astrocytes play a crucial role for the control and maintenance of the CNS microenvironment by influencing BBB stability and metabolic activities [49] . In response to a variety of neurologic diseases including brain trauma and infectious illnesses, astrocytes can undergo morphological and functional changes, a process known as astrogliosis [50, 51] . In the present study, CRAMP-deficient astrocytes displayed no differences concerning cell viability. Occurrence of an activated astroglial state is a phenomenon frequently observed in neuroinflammation. The compromised functional astroglial properties can at least partly be reconstituted by the anti-inflammatory dexamethasone [52] that is used as adjuvant therapy in bacterial meningitis.
CRAMP-KO microglial cells showed an increase of cell viability in comparison to CRAMP-WT whereas in contrast to astrocytes. Furthermore, microglial CRAMP-KO cells appeared to have a higher metabolic activity level already under resting state conditions. Microglial activation by diverse stimuli induces morphological changes to different unique phenotype polarization based on the classical rather pro-inflammatory M1 or alternatively the rather anti-inflammatory M2 macrophages phenotype [29, 53, 54] . The expression of the marker Arginase 1 -which favors the switch towards a M2 phenotype -was significantly decreased in CRAMP-KO microglial cells. Taken together, CRAMP-KO glial cells show a stronger inflammatory phenotype than WT glia.
Glial cell activation is linked to activation of signal transduction pathways. Our results show an activation of the pro-inflammatory signal transduction pathway NFκB in CRAMP-KO glial cells. NFκB is generally important for the regulation of the immune response [55] but little is known about the relationship of cathelicidins and NFκB. This pathway releases the NFκB subunit p65 which results in the production and secretion of proinflammatory cytokines such as IL-6 or TNF-α [56] . Our results show that exogenous CRAMP application in microglial cells induced also NFκB translocation in CRAMP-WT as well as CRAMP-KO microglial cells. That confirmed previous results of LL-37/CRAMP-induced glia-mediated neuroinflammation [15, 38] . For the anti-inflammatory enzyme HO-1, CRAMP-KO glial cells displayed a lower HO-1 activation after bacterial stimulation. Interestingly, exogenous CRAMP stimulation of microglial cells induced HO-1 activation in CRAMP-WT whereas CRAMP-KO showed no increase after treatment. In CRAMP-KO microglial cells, however, costimulation of CRAMP with NM resulted in an increase of HO-1 immunoreactivity. It can be hypothesized that the low HO-1 activity leads to lack of inhibition of NFκB with the consequence of a stronger NFκB translocation in CRAMP-KO glial cells and thereby a stronger inflammatory response in glial cells.
LL-37/CRAMP promotes bacterial phagocytosis by macrophages [57, 58] . In the present study it was shown that the phagocytic activity of CRAMP-KO microglia was significantly impaired in comparison to WT microglial cells. Similar observations were made outside the CNS in CRAMP-KO macrophages [57] as well as in CRAMP KO neutrophil granulocytes [36] . Work from Wan and colleagues indicated that LL-37 mediates antimicrobial activity by upregulating markers involved in phagocytosis such as CD14 or FcγRs [57] . We therefore investigated the expression of the scavenger receptor MARCO known to be involved in both pneumococcal and meningococcal phagocytosis by macrophages [32, 33] . However, the results suggest no major involvement of MARCO in regulating antimicrobial activity in CRAMP deficiency. By contrast, the expression of RAGE, a receptor for danger associated molecule pattern such as HMGB1 (high-mobility group box 1) and mediator of phagocytosis of apoptotic neutrophils [31, 59] was strongly increased in stimulated CRAMP-KO microglia hinting at a possible role of RAGE under these circumstances. Furthermore, RAGE elicits its pro-inflammatory responses by NF-κB translocation [31] that was increased in CRAMP-KO microglia. Additionally, we detected an inverse regulation of the PLD1 and PLD2 expression of. The both diesterases are involved in a wide range of cellular responses [60] . Whereas PLD1 was increased in stimulated CRAMP-KO microglial cells, PLD2 was decreased. PLD1 and PLD2 differ in their subcellular distributions and both enzymes are involved in different stages of phagosomes maturation and processing [34] . It is possible that the changed expression is the cause of the lack of phagocytosis in CRAMP-KO microglial cells. Altogether, lack of CRAMP resulted in significant changes of antimicrobial activity.
Conclusions
In conclusion, the present study detected impairments of the glial immune response due to lack of the AMP CRAMP and underlines thereby the importance of CRAMP in the defense of infections within the CNS. CRAMP deficiency resulted in severe alternations of glial phenotype with switches towards a stronger pro-inflammatory and a weakened anti-inflammatory milieu and simultaneously impaired antimicrobial activity. The results indicate the impact and importance of CRAMP to maintain and regulate the delicate balance between beneficial and harmful immune response in the brain.
Additional files
Additional file 1: Additional Material and Methods. Fluorescence microscopy of TUNEL and Ki67: Primary mice astrocytes or microglia were seeded on cover glasses. After stimulation for 24 h, the cells werr fixed with 4% paraformaldehyde. Subsequently, the cells were permeabilized with 0.1% Triton X in 0.1% sodium citrate for 3 min at 4°C. Then, the slices were incubated at 37°C for 1 h with TUNEL reaction mixture according the manufacturer's protocol (In Situ Cell Death Detection Kit, Roche Diagnostics, Mannheim, Germany). After washing with PBS and blocking with 1.5 BSA in PBS for 10 min, the slices were incubated at 4°C about the night with Ki67 antibody (rabbit polyclonal; ab15580, abcam, UK). Finally, the slices were incubated with anti-rabbit Cy3 (AP132C, Millipore, Darmstadt, Germany) for 1 h at room temperature. Nuclear counter-staining was performed with Diamidino-2-phenylindole dihydrochloride DAPI (Sigma 9542, Munich, Germany). Cells were digitally photographed using a Keyence digital microscope (BZ-9000, Neu Isenburg, Germany). 
